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PERFOEMANCE OF EXPERTMENTAL TURBOJET-ENGINE COMBUSTOR
I - PERFORMANCE OF A ONE-EIGETH SEGMENT OF AN
EXPERTMENTAT. TURBOJET-ENGINE COMBUSTOR

By Francis U. Hill and Hexrman Mark

SBMARY

A one-eoighth segment of an annular combustor sultable for use
as & component of an experimental turboJjet engine was investigated.
The gssumption was made from previous uynpublighed studies that the
data obtalned from these investigatlions of & one-elghth segment
would enable estimation of the performance of an annular combustor
having a similar design. Because of the small space avallable for
the combustor, a speclal design involving a minimum of obstructions
in the combustion chamber was utilized.

The altitude operational limits of the combustor segment were
determined and measurements were made of temperature-rigse effi-
clency, total-pressure loss, and exhaust-gas temperature varlation
for seversl simulated engine operating conditions.

The results of these Investigations Indlcated the following
performance: (1) The combustor segment produced gases of suffi-
clent temperature to enable engline operation for all altitudes up
to 45,000 feet over a range of engline rotational aspeeds from 55
to 100 percent of rated speed (10,000 to 18,000 rpm). (2) The
temperature~rise efficlency exceeded 80 percent at all altitudes
below 30,000 feet for engine speeds more than 89 percent of rated
speed. (16 000 rpm}. (3) The gas supplied by the combustor segment
had & total variation In temperature that was usuaelly less than
B600° F over the operating range of engine speeds from 55 to
100 percent of rated speed (10,000 to 18,000 rpm) and from sea
level to an altitude of 30,000 feet.

IRTRODUCTION

As & part of a general program conducted at the NACA Cleveland
laboratory to investigate the performance of turbojet combustors,
& one-elighth segment of an annular-combustor housing for an exper-
imental turbojet engine wms set up. This housing was used to
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investligate various cowmbustor designs in order itc develop a sult-
able design for the experimental turbojet engine. Data obtained
from an: investlgation, conducted concurrently with the Investiga-
tion reported herein, showed that the performance of a one-sixth
segment of an annular turbojet combustor wes almosgt the same as -
that of the entire coambustor. This simllarity indicated that the
performance of the one-elghth combustor segment would closely
approximate the performance of a complete annular combustor having
a similer design. .

Because of the small space provided for the combustor, special
designs involving a minimum of obstructlon in the combuatlon
chamber were studled. From 1l separate combustor designs lnvesti-
gated in the one-eighth segment of the engine combustor housing,
the design was selected that gave optimum periormance durlng pre-
liminary investigations. The design of thle combustor as it was
finally evolved and the performance data, lncluding altitude oper-
atlonal limits, temperature-rise efficlencles, total-pressure-lossg
correlation, and temperature distribution of the outlet gases for
the combustor are presented. The condltions of flow for the inlet
and the ocutlet of the combustor were computed from exlisting data
(reference 1, 2, and 3) on the compressor and the turbine for the
oxperimental engine.

APPARATUS
Combustor

A sketoh of the combustor segment 1s shown in figure 1, Air
entered. through s marrow section, which simulated the compressor
outlet, and then passed through a diffusing section of the housing.
Downstream of this diffuser, two fuel manifolds were located in
the housing so as to divide the air passage into three separate
passages. Pivoted to the rear of each of these manifolds was a
vane that could be adjusted to control the distribution of the alr
through each of the three passages. In preliminsry investigations
on the cambustor, the positions of the vanes that gave the minimum
temperature variation of the exhaust gases across the ocmbustor-
segument outlet were determined. The vanes were then locked into
these positions for the lnvestigatlong reported.

Four fuel atomizing nozzles were located in each manifold to
spray downstream. Commercial fuel nozzles of the hollow-cone spray
type wore used. The nozzles had a rated capacity of 3.0 gallons
per hour and a nominal spray angle of 60°. These nozzles were
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protected from the radisitlon of the flemes by Inconel flame shlelds
Installed flush against the downstream faces of the spray nozzles,
as shown in figure 1. Holes 1/8 inch.in diameter were drilled in
the shilelds in line with the nozzle orifices to allow passage of
the fuel spray.

At the top and the bottom of the downstream end of the mani-
folds, perforated alr baffles were fastened.. These baffles were
2 inches long end formed & well-protected region around the nozzles
into which only a small portion of the air was allowsd to enter
through small holes in the baffles. Ignition was obtalned with
two alrcraft spark plugs located 1/2 inch downstream of the nozzle
faces in the zone sheltered by the perforated alr baffles. A
photograph of the combustor segment showing fuel menifolds, nozzles,
alr baffles, and spark plugs, is presented in figure Z.

Three guartz observation windows were installed in the sides
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In order to facllltate the many modifications that were made
during the development of the combustor design, the cross sectlon
of the housing wes mede rectangular, rather than with the curved
surfaces of an actual sectlion of an annulus. The cross-sectlonal
areas of the rectangular housing, however, were made egual to those
in the annular houslng.

Although a comparison between the dlmensions of this combustor
and those of an existing annular type Indlcate that successful
deslign of this combustor is not too difficult to achieve, it should
be pointed out that the main design difficulty was ‘one of. shape
rather than of size, The shape of the combustion-chamber housing
wes fixed by the previously designed turblne and compressor and
the accompanying shafts, bearings, and suprorts. This fixed shape
accounted for the high asrea ratio of the diffuser at the combustor
inlet, which for each of the numerous designs attempted continued
to cause mogt of the tobtal-pressure loss through the combustor.

The fuel used through this complete series of investigations
WB.S AN-F-ZBQ
Instellation
The installation of the combustor segment ia shown in figure 3.

The combustor was lnstalled vertically and ailr flow was downward.
Air could be supplied in quentities sufficlent for the requirements
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of the Investigations at pressures up to a maximum of 45 pounds
per square luch absolute and the exhaust system was capable of
removing exhaust gas from the combustor segment at pressures as
low as 2.0 pounds per square inch absolute. Alr flow through the
combustor segment and inlet-alr pressure to the combustor asegment
were regulated by two .remote-controlled valves: the firsi, a
butterfly valve upstream of the setup and the second, a sliding
throttle plate covering a 4-inch opening downstream of the setup.
When necessary, the Inlet alr was preheated by electrical heaters
in a bypass upstream of the combustor, which were capable of
reising the temperatiure of the inlet alr to the combusior segment
to 1000° F.

Operating conditions at high altitudes and low engine speeds
requiring inlet-alr temperatures considerably lower than room
temperature could not be simulated because at these conditions
the air-flow requirements were so small that the low temperature
of the refrigerated air could not be maintained and the air
entered the setup approximately at room temperature.

Insgtrumentation

The locatlon of the instrumentation in the setup is shown in
figure 4(a). A static-pressure tap was located in the 8-inch pipe,
which brings ailr from the alr-supply system, 4 inches upstream of
the transitlon from the 8-inch pipe to the simulated compressor
outlet. Thils tap was assumed to measure the inlet-total pressure
because the veloclity in this sectlon of the plpe was very low.
Statlic pressures were measured by taps in the walls of the duct.

Alr flow was measured by & thin-plate orifice having flange
taps Installed according to A.S.M.E. specifications. Four cali-
brated roteameters covering the entire range of fuel flows were
uged.

Inlet-air temperatures at section 1 (fig. 4(a)) were measured
by three lron-constantan thermocouples located at the centers of
equal arees across the inlet duct. Static pressure was measured
at this sectlon by two static taps, one on each side of the duct.

At the combustor outlet, sectlon 2, 30 chromel-alumel thermo-
couples were arranged 1in five rakes, each rake containing six evenly
spaced thermocouples. The rakes were evenly spaced across the
outlet duct. Two more thermocouple rakes evenly spaced across the
duct with three total-pressure rakes were located downstream at
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gectlion 3, aa shown in figure 4(a). These thermocouples were used
to detect any change in temperature of the gases after leaving the
combustor-gsegment outlet. The individual tubes in the total-
pressure rakes were evenly spaced along the rakes similar to the
spacing of the thermocouples along the thermocouple rekes., Detalled
sketches of the outlet total-pressure rakes and of the outlet
thermocouple rakes are shown in figure 4(b).

All static and total pressures were indlcated on an 84~-inch
menometer board, which was photographed in order to obtaln instan-
taneocus readings. Thermocouple readlings for inlet and cutlet gas
temperatures were indicated by calibrated potentiometers.

PROCEDURE
Inlet Conditiong

Engine rotational speed and altlitude determine the combustor
inlet-air conditions and the required combustor-outlet temperature.
From investligations that have been conducted on the compressor and
the turbine of the experimental turboJet engine (references 1, 2, 3,
and unpublished data)}, conditions of total pressure, temperature,
alr flow, and required compressor-outlet and turbine-inlet temper-
atures were estimated for various engine rotatlonal speeds and
altitudes. The condlitions are presented in figure 5. For these
estimates, a tall-cone area of 43.3 square lnches, a flight speed
of 470 mliles per hour, and an engine inlet-diffuser efficiency of
100 percent were assumed.

Altitude Operational Limits

The followlng procedure was used in investigating the altitude
operational limits, thai is, the simulaited altitudes corresponding
to the wvarious simuilated engine speeds above which the combustor
cannot contlnuously provide the temperature rise required for engine
operation, regardiess of the fuel-flow rate: At a much higher
Inlet-air total pressure than the engine produces at a glven engine
operating condition, air flow and inlet~air temperature were exactly
adJusted. The fuel flow was set at a value that would approximately
glve the required combustor-outlet vemperature. The combustor-
gegment inlet total pressure,was then decreased to the estimated
value., An attempt was then made to obtain operation of the combustor
gegment at fuel-air ratios giving gas temperatures at, above, and
below the required value.
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The performance of the combustor segment was investigated over -
a wide range of altitudes and englne speeds. At englne speeds less
than 12,000 rpm above an altitude of 45,000 feet, very low air flows,
low fuel flows, and low inlet-alr temperatures were required; the
oxlsting metup would not allow cloge enough control for accurate
duplication of these inlet conditions, therefore noc Investigations
were conducted in this range. '

1¥8

Temperature-Rise Efficiency

Tempersture-rise efficlency is defined as the percentage ratio
of the actual temperature rise through the combustor segment to the
maximum theoretically attainable temperature rise at the over-all
fuel-alr ratlo existing in the combustor.

Investigations were conducted to determine the effect of fuei-
alr ratioc on the mean temperature rise through the cambustor seg-
ment. The inlet-alr condltions of pressure, temperature, and veloc-
ity were maintained constent, whereas the fuel-alr ratic was varled
from 0.010 to 0.020 in 10 equal steps with the mean outlet-air
temperature observed for each fuel-alr ratio. These ilnvestigations
over a range of fuel-alr ratlios were made in order to determine the
abllity of the combustor segment to furnish energy suocessfully for
engine acceleration and to maintain cambustion during engine decel-
eration, The requlred turbine-inlet temperature for engine accel-
eration 1s higher than that requlred for mesintaining constant engine
operatlon and, correspondingly, the requlred turblne-iniet temper-
ature for deceleration 1s lower than that required for maintaining
constant englne speeda. The conditions of inlet air chosen simu-
lated an engine speed of 16,000 rpm (89 percent of rated speed) at
altitudes of 10,000, 20,000, 33,000, and 40,000 feet.

In addition, for the purpose of obtalning an approximation of
the temperature-rise efficlencies for simulated engine operation,
temperature-rise efficienclies were determined for the following
gimulated steady-state conditions of englne operation: '

Engine Altitude
speed (£%)
(rpm)

10,000[20, 000 |25,000 }30,000 |35,000
13,000 20,000 |25,000 |30,000 |35,000 |40,000
18,000]20,000 |30, 000 40,000

L
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At each of these simulated conditions, investigations on the
cambustor segment were conducted at fuel-alr ratios furnishing mean
outlet-air temperatures below, approximately at, and gbove the
required turbine-inlet temperature. Data for these three tempera-
tures were plotted against temperature-rise efficiency; the value
of temperature-rise efficiency for each operating condition was
chosen from this plot at the exact temperature required for non-~
accelerating operation of the engine.

Total-Pressure loss

In determining the effect of fuel-ailr ratio on temperature
rige through the combustor segment, all the pressure measurements
necessgary for the calculation of total-pressure loss through the
combustor were made. In order to express the total-pressure loss
in & way that would facilitate comparison of the one-eighth com-
bustor segment wlth any other combustor, the inlet kinetic pres-
sure wes calculated and converted to the minimm kinetic preasure
that could have existed In the combustor segment, that 1s, the
calculated kinetic pressure at the meximm cross section based
on inlet-gas conditions. The total-pressure loes as a ratio of
this calculated kinetic pressure was plotted agdinst the inlet-to-
outlet gas denslity ratlo. It can be shown from momentum relations
that the total-pressure loss due to combustion in & constant-area
duct, when expressed as & fraction of the inlet kinetic pressure,
is a function of the ratio of inmlet-to-outlet gas density.

The totel-pressure loss, as a ratlo of the kinetic pressure
at the combustor maximum cross section, ls given by

ap (Ppax ¥
ag\ A1
where
AP total -pressure loss
a4 inlet kinetlc pressure

Amax combustor meximim cross-gsectional aree

Ai inlet crogs-sectlonal area
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Temperature Distribuition

The temperature dlstributlions of the gases at the combustor
outlet were obtained from the series of runs conducted to determine
the temperature-rise efficlencies. In addition, a series of runs
was conducted at a constent fuel-air ratio of 0.01l5 with inlet-alr
conditions selected to simulate engine speeds of 10,000, 12,000,
14,000, and 16,000 rpm for a range of altitudes from 10,000 to
40,000 feet.

Aversge thermocouple indicatlons were taken as true values of
temperature and no corrections were made for stagnation or radiation
effects. .

For the purpose of expressing the variatlon in temperature of
the combustor-segment exhaust gases, a mean-temperabture- variation
factor was devised.

Aty + Aty + . . . Aty
n (to - ti)

5 =

where
& mean~temperature-variation factor

At absoclute difference between exhaust-thermocouple readlng and
mean exhaust temperature, °F

n number of exhaust thermocouples
t, average of outlet thermocouple readings, °F
t; average of inlet thermocouple readings, °F

This factor can be used in showing the effect of several
variables on the general exhaust-gas-tempersture pattern.

A very small variation of the exhaust-gas temperature would
give a small temperature-variation factor and similarly a large
variation of exhaust temperature would give a larger temperature-
varlistion factor.
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RESULTS AND DISCUSSION
Altitude Operational Limits

The altitude operational limits are shown in figure 6. The
curve separates the region in which the temperature rise required
for engine operation was attalnable from the region in which it was
mattainsble. The curve shows that over a range of engine gpeeds
from 10,000 to 18,000 rpm (55 to 100 percent of rated englne speed)
the combustor segment could successfully furnish gases of sufficient
temperature to enable engine operation up to eltltudes of at least
45,000 feet. Operatlon of the combustor with inlet-air conditlons
simulating altitudes above the operational  limits shown in figure 6
was poasible for the conditions Investigated but the temperature
rise obtaingble was too low to enable engine operstion. At condl-
tlons above the altitude operational 1imit, when the fuel-alr ratio
was increased 1n an attempt to give sufficilent temperature rise o
enable engline operation, combustion became umstable and blow-out
occurred. Some Instebility in the form of flickering and sporadic
combustlon was also encountered at altitudes below the operatlonal
limite but in such ceses the combustor segment, nevertheless, con-
tinuously provided the regquired temperature rise for a pericd of
5 minutes and the simulated flight conditlons were therefore con-
sidered within the operable range of the engine. At simulated
altitudes as much as 10,000 feet below the altltude operational
1limits, combustion became very smooth and nonflickering when the
combustor temperature was near the required value.

Temperature-Rise Efficiencies

The effect of fuel-air ratioc on the mean temperature rise
through the combustor segment is shown in figure 7. Reference
lines of theoretical temperature rise are included for estimating
the temperature-rise efficiency at each point. The data Indicate
that at constant inlet-air conditions, an increase in the fuel-
alr ratio results In g slight increase in temperature-rise offi-
clency. From a comparison of the date in figure 7 at a glven
fuel-air ratio, 1t is shown that an increase in simudated altitude
produces a decrease in temperature-rise efficiency. For the four
altitudes chosen for these rums, operatlon was very stable and no
flickering was noticeable throughout the range of fuel-air ratios
over which the investigation was conducted. It 1s apparent from
these flgures that combustor-outlet temperatures greater than
those necessary to malntaln constant engine speed may be obtained.
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A contour dlagram, which gives an approximate indicatlon of
the temperature-rise effliclency of the compustor over the range of
engine speeds and altitudes investigated, is shown in figure 8,
These curves show that any decrease in engine speed, as well as an
Increase in altltude, decreases the temperature-rise efficiency.
Thig decrease is a result of the accompanying decrease 1n inlet-
alr statlic pressure and temperature, which has been shown to be
unfavorable to temperature-rise efficiency (referenceld ). The
temperature-rise efficiency is more than 80 percent at altitudes
below 30,000 feet for engine speeds above 16,000 rpm (89 percent
of rated engine speed).

Totel-Pressure loss

A correlstion of the corrected total-pressure loss through the
combustor segment is shown in figure 2. Included in the total-
presaure loss are the small losses in the large nozzle that adapis
the 8-inch pipe to the inlet of the combustor segment. Over the
range of combustor-inlet and combustor-outlet conditions Investi-
gated, the total-pressure loss AP was always about equal to or
less than the combustor-segment inlet kinetic pressure g.

The alope of the correlation curve shown in figure 9 1s
8lightly negative, contrary to what would be expected. Static-
pressure checks along the combustor indicated that the velocity
through the part of the combustor-segment housing past the fuel
manifolds was very high. This high-velocity alr when discharged
1nto the low-veloclty zone where combustion occurred probably
diffused very inefficiently to the lower velocity when no combus-
tion occurred. During combustlion, however, the burning gases
filled stagnant velocity zones downetream of the atomizlng nozzles,
and these gases slightly restricted the flow path of the three air
gtreams entering the combustion zone, increasing the efficiency of
diffueion. Because the momentum-pressure loss was never more than
4 percent of the emntire total-pressure loss, the gain of total
pressure from this increase in diffuser efficiency could have
exceeded the loss of total pressure due to combustion and thise
excessa could account for the negative slope of the total-pressure-
loas coxrrelation.

Tempergture Dlstribution

The gas supplied by the combustor had a total varistion in
temperature that was usually less than 600° F over the operating
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range of engine speeds from 10,000 to 18,000 rpm (55 to 100 percent
of rated engine speed) and from sea level to an altitude of

30,000 feet. A typlcal dlagram of the combustor-outlet gas temper-
ature pattern is given in figure 10, This patfern probably could
be greatly improved by more closely controlling the construction
tolerances of the combustor. The parts within the housing were
loosely fitted and any slight misalinement of these parts was
enough to cause considerable temperature variation at the combustor
outlet.

The effect of inlet-air conditions simulating different alti-
tudes and engine speeds at constant fuel-air ratio on the mean
outlet temperature-varlation factor & 18 shown in figure 11.
This factor seems to be wnaffected by inlet-gir conditions simu-
lating different altitudes at low englne speeds but at inlet-air
conditions simulating an engine speed of 16,000 rpm (89 percent of
rated engine speed), the factor increases sharply with an increase
in simulated altitude. The effect of Iincreasing altlitude at an
englne speed of 16,000 rpm on the mean btempsrature-variation
factor & 1s further 1llustrated in figure 12 by a plot of mean-
temperature-varlation factor against fuel-air ratio.

During &ll the runs, visible flames seldom existed downstream
of the combustor segment. At very high outlet-alr temperatures
that sometimes occurred at low lnlet-air pressures, a transparent
blue haze existed in the dowmstream observation window of the
combustor segment. At these conditions, however, little tempera-
ture rise was observed between the two downstream stations. A
plot of the temperatures observed ait these two stations ls shown
in flgure 13. This figure shows that the two statlions indicated
little or no further rise in temperature of the exhaust gases
after leaving the combustor-segment outlet.

Ignition

With the l1gnltion system previously described, lgnition was
affected by three factors: inlet-alr total pressure, fuel-alr
ratio, and Inlet-air veloclty. Ignition could be obtalned at
pressures as low as 3 pounds per square Inch absolute but only at
greatly reduced alr flows. At inlet-air static pressures of
1 atmosphere or more, however, lgnition appeared to be leas
dependent on alr flow and could be obtained with practically any
given Inlet conditions of veloclty and tempersture with which
cambustion could be maintained. The fuel-air ratioc for best
ignition appeared to be somewhat greater than that required to
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malntain combustlon. In all cases, & time interval existed between
‘the time of introduction of the fuel Into the combustor segment and
the moment of ignition., This lag was very lnconsistent but seemed
to be shoritened by a decrease in inlet-air velocity or an increase
In injet-air static pressure.

SUMMARY OF RESULTS

The results of the investigatlons conducted on the one-eighth
combustor segment deslgned for an experimental turbojet englne
indicate that the combustor segment gave the followling performance:

1. The ccmbustor segment furnished gases of sufficlent temper-
ature to engble engine operation up to altitudes of at least
45,000 feet over a range of engine speeds of from 55 to 100 percent
of rated speed (rated speed, 18,000 rpm).

2. The temperature-rise efficlency was more than 80 percent
at altitudes of 30,000 feet or less for engine speeds above 89 per-
cent of maximum rated speed.

3. The gas supplied by the combustor segment had a total
variation in temperature that was usually less than 600° F over
the operatling range of engine speeds from 55 to 100 percent of
reated speed and from sea level to an gltitude of 30,000 feet.

Flight Propulsion Research Laboratory,
Natlonal Advisory Commlttee for Aeronautics,
Cleveland, Chlo.
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Figure 8. - Temperature-rise—efficiency contour diagram of one-eighth
segment of proposed turbojet combustor over operating range below
altitude operation limits.



50
o
N 45'0
F
f 0 o

e 40 g b O o]

<l|o' . 0] ® o
o 35 n—0. 0 5
Q o] ol —
S o

Q
o 30
:
o 25
&
)
3 20
43
0
Kr
o 15
)
k)
]
£ 10
[
0
© 5
“‘!ﬂﬁg!"
0

1.0 l.2 1.4 1.6 1,8 2.0 2.2 2.4 2.6
Inlet-to-cuilet gas density ratlo, Py/P,

Figure 9. - Total-prassure |oss through one-eighth segment of proposed turbojet combustor expressed
as fraction of inlet kinetic pressure and as function of inlet-to—outlet pas density ratio.

8z

"ON W VOWN

g1




NACA RM No. E7J 13 29

Blade-roo ion

(°F)
600 —

800

1000‘\~

1200

l400i
Blade-tip position

{(a) Altitude, 10,000 feet; inlet-total pressure, 78.5 inches
mercury absolute; inlet temperature, 294° F; air flow,
1.22 pounds per second; mean-outlet temperature, 1049° F;
required outlet temperature, 10159 F.

“‘ﬂ;ﬂ!”

B = [o}:] on

Blade-tip position

(b) Altitude, 40,000 feet; inlet-total pressure, 26.0 inches
mercury absolute; inlet temperature, 209° F; alr flow,
0«42 pound per second; mean-outlet temperature, 834° F;
required outlet temperature, 794° F.

Figure 10. ~ Typical combustor-outlet gas temperature contour dliagrams
of one-eighth segment of proposed turbojet combustor. Engine speed,
16,000 rpm; fuel-air ratio, 0.014.
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